The preformed antimicrobial compounds produced by maize, 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3-one and its desmethoxy derivative 2,4-dihydroxy-2H-1,4-benzoxazin-3-one, are highly reactive benzoxazinoids that quickly degrade to the antimicrobials 6-methoxy-2-benzoxazolinone (MBOA) and 2-benzoxazolinone (BOA), respectively. Fusarium verticillioides ‫؍(‬ F. moniliforme) is highly tolerant to MBOA and BOA and can actively transform these compounds to nontoxic metabolites. Eleven of 29 Fusarium species had some level of tolerance to MBOA and BOA; the most tolerant, in decreasing order, were F. verticillioides, F. subglutinans, F. cerealis ‫؍(‬ F. crookwellense), and F. graminearum. The difference in tolerance among species was due to their ability to detoxify the antimicrobials. The limited number of species having tolerance suggested the potential utility of these compounds as biologically active agents for inclusion within a semiselective isolation medium. By replacing the pentachloronitrobenzene in Nash-Snyder medium with 1.0 mg of BOA per ml, we developed a medium that resulted in superior frequencies of isolation of F. verticillioides from corn while effectively suppressing competing fungi. Since the BOA medium provided consistent, quantitative results with reduced in vitro and taxonomic efforts, it should prove useful for surveys of F. verticillioides infection in field samples.
Fusarium verticillioides (synonym, F. moniliforme; teleomorph, Gibberella moniliformis; mating population A of the Gibberella fujikuroi species complex) is a cosmopolitan ascomyceteous fungus consistently associated with maize worldwide. F. verticillioides is not host specific and has been reported to exist in association with many plant species in addition to maize (6) , even though the exact number may be confounded by historical confusion over fungal species delimitation and taxonomy (24, 29) . Host range and plant-fungus interactions are of significant interest in terms of understanding the distribution, biology, and population dynamics of this mycotoxigenic fungus. While a number of mycotoxins are produced by F. verticillioides (3) , fumonisin B 1 is of greatest concern because of its causal role in equine leukoencephalomalacia (33) , porcine pulmonary edema (12) , liver cancer in laboratory rats (40) , and possibly human esophageal cancer (32) . Thus, consistent, quantitative procedures are important for the surveillance and isolation of F. verticillioides and its toxins. Assessment of infection in field samples typically involves use of the Nash-Snyder (36) pentachloronitrobenzene (PCNB) medium, a semiselective medium allowing isolation of many Fusarium species.
While several major diseases of maize, including seed rot, seedling blight, root rot, stalk rot, and ear rot, are attributed to F. verticillioides (27, 53) , the fungus is capable of persistent symptomless (endophytic) infections (4) , which is of concern because of the impact on control strategies. In an effort to identify host resistance factors, various plant defense responses to F. verticillioides infection of germinating kernels have been studied (9, 14, 21) . In addition to these protein-based defenses, maize begins to synthesize and store chemical defenses once germination is initiated. Collectively referred to as benzoxazinoids or cyclic hydroxamic acids, the main compounds produced by maize are 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3-one (DIMBOA) and its desmethoxy derivative 2,4-dihydroxy-2H-1,4-benzoxazin-3-one (DIBOA), with the former occurring in greater concentrations (19, 59) . Wheat also produces both of these compounds, while rye produces just DIBOA (59) . Other grains, such as rice or sorghum, do not produce benzoxazinoids. DIMBOA and DIBOA are initially produced and stored as stable, biologically inactive ␤-glucosides. Upon plant cell disruption, the glucosides are enzymatically converted to the biologically active aglycones by ␤-glucosidase (22) . Because they are preformed compounds that are immediately available upon pathogenic attack or cellular damage, these compounds are referred to as phytoanticipins (49) .
Free DIMBOA and DIBOA are highly reactive and spontaneously degrade to the corresponding benzoxazolinones, 6-methoxy-2-benzoxazolinone (MBOA) and 2-benzoxazolinone (BOA), respectively (22) . The half-life for DIMBOA or DIBOA is 24 h or less in aqueous solution (pH 5 to 7.5) at 25°C (54) . Many insects, fungi, and bacteria are deterred or inhibited by these compounds, resulting in increased plant resistance (1, 13, 15, 26, 39) . However, the main fungal inhabitant of maize, F. verticillioides, detoxifies MBOA and BOA within 24 h by actively metabolizing them into N-(2-hydroxy-4-methoxyphenyl)malonamic acid (HMPMA) and N-(2-hydroxyphenyl)malonamic acid (HPMA), respectively (46, 58) . Likewise, Fusarium subglutinans, which is also a common pathogen associated with maize, can transform MBOA and BOA into HMPMA and HPMA, but it does so at half the rate of F. verticillioides (51) .
The objective of this study was to screen Fusarium species from diverse hosts and geographic locations to identify species that are tolerant to MBOA and BOA. As a result of this survey, we developed a semiselective isolation medium based on the antimicrobial activity of BOA. By utilizing the taxonomically limited capacity to tolerate BOA, this BOA medium, a modification of the PCNB medium of Nash and Snyder (36) Quantitative tolerance to BOA and MBOA. The antifungal activities of BOA (product no. 157058 from Aldrich Chemical Co., Milwaukee, Wis.) and MBOA (product no. 5349 from Lancaster Synthesis, Morecambe, Lancashire, England, and product no. M0640 from Sigma Chemical Co., St. Louis, Mo.) were assessed by measuring the radial growth of fungal strains in the presence of these compounds. Stock solutions of BOA (100 mg/ml) and MBOA (40 mg/ml) were prepared in ethanol. Fungi were assessed on 0.25, 0.5, 0.75, and 1.0 mg of BOA or MBOA per ml. All plates, including the controls, contained either 1% ethanol (for BOA experiments) or 2.5% ethanol (for MBOA experiments). Using a no. 2 cork borer, inocula were taken from the advancing margins of strains growing on PDA and were transferred to the centers of PDA plates (100-mm diameter) containing either BOA or MBOA at one of the above-mentioned concentrations.
Plates were incubated in the dark at 23°C. At 7 days postinoculation, two perpendicular transects intersecting beneath the inoculum were drawn on the bottom of the plates. Radial measurements were made in the four directions along the lines from the edge of the inoculum to the advancing margin of the colony. Percent tolerance to BOA was calculated based on a strain's radial growth on PDA containing 1.0 mg of BOA per ml compared to its growth on control plates. A strain was considered tolerant if it had any measurable radial growth on PDA amended with 1.0 mg of BOA per ml. Additional observations were made 14 days postinoculation to note any general differences in growth responses. Each fungus was assessed twice, with three replicates each time. Significant differences in mean radial growth were statistically assessed by analysis of variance and t tests (least significant difference) using the SAS System for Windows (version 6.12; SAS Institute Inc., Cary, N.C.).
Qualitative tolerance to BOA. Inocula were taken as described above and transferred to PDA containing 1.0 mg of BOA per ml in 24-well culture plates. Each strain was placed in three separate wells and incubated in the dark at 23°C. Growth was assessed at 7 days postinoculation. Fungi were scored as tolerant if radial mycelial growth filled the well. Only those strains showing a mixed response were assessed a second time.
Assessment of metabolism of BOA and MBOA by TLC. We developed a thin-layer chromatography (TLC) procedure to assess in vitro BOA and MBOA metabolism by the various Fusarium species. Tolerant strains were grown on PDA containing a 1.0-mg/ml concentration of either BOA or MBOA, while sensitive strains were grown on PDA containing a 0.5-mg/ml concentration of BOA. Depending on the strain and the BOA or MBOA concentration, incubation periods ranged from 7 to 15 days to allow radial growth to roughly the same extent (10 to 20 mm). Agar plugs were taken from the cultures using a no. 5 cork borer and were spotted onto a TLC sheet (catalog no. 4420222; Whatman Ltd., Maidstone, Kent, England) (20 by 20 cm, silica gel coating, 254-nm UV indicator, aluminum backing) along a marked line of origin. TLC sheets were placed in a 50°C oven for 10 min immediately prior to use to remove any ambient moisture. The agar plugs were sampled at three locations within a culture petri dish (100-mm diameter): from the outermost margin of the plate, from just ahead of the advancing margin of the colony, and from within the colony. A plug from each location was placed on the TLC sheet for approximately 30 s with the lower face of the plug in contact with the silica gel. Absorption of moisture from the plug facilitated transfer of extracellular metabolites to the silica gel. A single plug was sampled from each location for cultures growing on 1.0 mg of BOA or MBOA per ml, whereas two plugs were sampled from each location for cultures growing on 0.5 mg of BOA per ml. In the latter case, the two plugs were spotted on the TLC sheet at the same position, with drying of the spot between applications. Tolerant strains identified during the qualitative screen using 24-well culture plates were assessed for metabolism of BOA by taking a single plug from one well and spotting it on a TLC sheet. After all spots were dry, the TLC sheets were developed in a saturated chamber containing toluene-ethyl acetate-formic acid (50:40:10) . Developed sheets were dried to evaporate the solvents and then photographed under UV light (254 nm). Metabolites appeared as dark spots. The presumptive HPMA and HMPMA metabolites were recovered individually by scraping off the silica gel containing the metabolite and eluting it in methanol or by chromatography of extracts through a silica gel column (58) . UV-visible light absorption spectroscopy (46) and electron impact mass spectroscopy (58) were performed on the presumptive HPMA in comparison to a standard provided by M. D. Richardson. For the presumptive HMPMA, UV-visible light spectroscopy data were compared to published spectra (20, 46) . Plant material used for medium evaluation. Seed of sweet corn cultivar Silver Queen were externally and internally sterilized (5) . Half of the seed were inoculated by submersion for 3 min in a spore suspension (10 6 to 10 9 conidia/ml) of F. verticillioides strain RRC PATgus, which was transformed for hygromycin resistance and ␤-glucuronidase (GUS) reporter gene expression (57) . Uninoculated and inoculated seed were planted the following day at an irrigated site at the Georgia Coastal Plain Experiment Station, Tifton. The uninoculated control plants served as indicators of natural infection by F. verticillioides. Appropriate notification and containment procedures for field release of RRC PATgus were conducted according to the 7 Code of Federal Regulations part 340 and a University of Georgia agreement for recombinant DNA experiments.
Vegetative tissues (roots, stems, and leaves) and kernels were sampled from physiologically mature plants. Matured kernels and all plant tissue samples were stored at 4°C until analyzed. The stems, leaves, and roots were each cut into several small sections (approximately 1 cm 3 ) and surface disinfected, as were the kernels, in an excess volume of 100% commercial bleach (5.25% sodium hypochlorite). Samples were agitated on a rotary shaker for 2 to 5 min (kernels) or for 1 min (vegetative tissues), followed by a rinse in sterile distilled water for 1 min. The bleach-killed ends of the vegetative sections were trimmed off. Sterilized tissues were placed on isolation media. The sterilization procedure did not have an apparent effect on the viability of the endophytic fungi within the seed or tissue.
Isolation media and evaluation procedure. F. verticillioides strain RRC PATgus was used as an indicator of recovery frequency and for medium evaluation. PDA and the PCNB medium of Nash and Snyder (36), the standard semiselective medium for isolation of Fusarium species, were compared with PDA plus 1.0 mg of BOA per ml and with Nash and Snyder's PCNB formulation in which PCNB was replaced with 1.0 mg of BOA per ml. This new formulation, which is herein referred to as the BOA medium, consisted of the following: peptone (Difco), 15 g; KH 2 PO 4 , 1 g; MgSO 4 ⅐ 7H 2 O, 0.5 g; streptomycin, 0.3 mg; agar, 20 g; H 2 O, 1 liter; and BOA, 1 g (10 ml of a 100-mg/ml solution in 100% ethanol, added after autoclaving the other combined ingredients and cooling to 50°C). The potassium chloride (KCl) medium of Nelson et al. (38) also was amended with 1.0 mg of BOA per ml. Modified Czapek's minimal medium (44) containing hygromycin B (150 g/ml) (MMϩHyg) also was used.
Each medium experiment used either 100 kernels or 100 plant tissue pieces from either an inoculated experimental plot or a naturally infected plot. The surface-sterilized samples were plated onto the media. Each plate contained either five kernels or five tissue pieces, with three to six replica plates per experiment. Two experiments were performed for each medium. All plates were arbitrarily arranged on a laboratory bench and incubated under fluorescent lighting at room temperature (22 to 25°C) for 14 to 21 days. The most prominent fungus growing from each kernel or tissue was scored, subcultured, and identified at least to the genus level. Fusarium isolates were identified to species level (37, 38) . The selectivity of each medium was determined as the frequency of F. verticillioides emerging from the plant material compared to the frequency of other fungi based on 100 plant samples per experiment. The reported frequencies are averages from two experiments, and data were evaluated by analysis of variance and Student's t test performed in Microsoft Excel (version 2000; Microsoft Corporation).
Assay for GUS expression. Confirmation that fungal isolates recovered from plant materials were the same as the transformed strain inoculated onto the seed was based on hygromycin resistance and a positive GUS reaction (57) . Expression of GUS in isolated hyphae and infected plant tissue was determined by incubation in a staining solution containing 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-␤-D-glucuronide cyclohexylammonium salt) in 96-well microtiter plates. Samples were examined microscopically for blue-stained hyphae after 48 h.
RESULTS

Survey of
Fusarium species for tolerance to BOA. Tolerance of fungi to BOA was assessed across 29 species of Fusarium encompassing a wide range of geographical regions and host organisms or substrates. Most species were sensitive to this antimicrobial compound and were unable to grow on media containing 1.0 mg of BOA per ml. BOA was considered fungistatic, since removal of most inocula to unamended PDA resulted in resumed radial growth (data not shown).
Only 11 of the 29 species had some level of tolerance to 1.0 mg of BOA per ml (Table 1) . These ranged from highly tolerant species, such as F. verticillioides, to those such as F. beomiforme, which was minimally tolerant. Of the 56 strains of F. verticillioides screened, only NRRL 25059 was sensitive to BOA (Table 1; Fig. 1A ). The identity of NRRL 25059 is supported by molecular phylogenetic analysis (41) and fertile crosses with F. verticillioides strain MRC 826 as part of a genetic examination of tolerance and detoxification (data not shown). NRRL 25059 is from banana in Honduras, but other banana isolates from Turkey and Thailand (i.e., JFL A03823, JFL A04426, and NRRL 22052) were tolerant to BOA. While maize was the most common host for the F. verticillioides isolates examined, other host species included sorghum, rice, rye, millet, pine, insects, alligator, and a human.
Quantification of tolerance. For the 11 identified tolerant Fusarium species, we measured radial growth of selected strains on PDA amended with BOA and/or MBOA (Table 1 and Fig. 1 ). The species most tolerant to the antimicrobials were, in decreasing order, F. verticillioides, F. subglutinans, F. cerealis (ϭF. crookwellense), and F. graminearum (Table 1) . The tolerance level varied within some species. For example, F. graminearum NRRL 26916 was moderately tolerant to BOA (27%), but strain NRRL 5885 showed a much weaker tolerance of 0.3%. Most of the tolerant strains having little growth at 7 days postinoculation, e.g., NRRL 5885, had more significant growth after 14 days. If a strain was sensitive to BOA, no growth occurred even after 14 days of incubation. The sensitive species had much reduced radial growth starting at around 0.25 mg of BOA per ml at 7 days postinoculation, with no growth occurring on 1.0 mg of BOA per ml (Fig. 1A) .
MBOA was considerably more toxic than BOA (Fig. 1B) . For example, F. verticillioides RRC 408 had radial growths of 19 mm on 1.0 mg of BOA per ml but only 11 mm on 1.0 mg of MBOA per ml (Fig. 1) . The sensitive species had no radial growth on 0.75 mg of MBOA per ml.
Assessing metabolism by TLC. Fungi tolerant to BOA could metabolize it to the nontoxic HPMA, while sensitive fungi could not (Table 1 and Fig. 2) . Metabolism of MBOA to HMPMA was assessed in the same manner, with the same general results (data not shown). Thus, the basis of tolerance in these strains appears to be the ability to actively metabolize the antimicrobials. Only one strain, F. beomiforme NRRL 25185, exhibited some tolerance but could not metabolize BOA (Table 1). The mechanism underlying this low level of tolerance is unknown.
For tolerant strains such as F. verticillioides MRC 826, the detoxification products HPMA and HMPMA accumulated far ahead of the advancing margin of the fungus (Fig. 2) . Their accumulation increased near the colony, while a decrease in e This strain is considered weakly tolerant because after 14 days incubation it produced measurable growth and metabolized BOA to HPMA. This was not observed for truly sensitive strains.
f Values represent radial growth on BOA-amended PDA as a percentage of growth on control plates. g ϩ, ability to metabolize BOA; Ϫ, lack of metabolism. Transformation of BOA was assessed by TLC of agar plug samples as described in Materials and Methods.
BOA and MBOA was observed. Samples taken from within the colony contained only HPMA or HMPMA. TLC profiles for sensitive strains, e.g., F. verticillioides NRRL 25059, showed that the antimicrobials were not metabolized at any point in the plate (Fig. 2) .
UV absorbance spectra and electron impact mass spectroscopy data were identical for a standard of HPMA and the metabolite observed by TLC as the BOA detoxification product (data not shown). Only UV absorbance spectra were compared for HMPMA, and these were supportive of the TLC 
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FUSARIUM ISOLATION MEDIUMmetabolite's identity (data not shown) (20, 58) . Thus, the TLC procedure was effective at monitoring the transformation of BOA and MBOA into nontoxic metabolites. BOA isolation medium. F. verticillioides was readily isolated from maize kernels on all BOA-amended media, with excellent suppression of contaminating fungi such as other species of Fusarium, Aspergillus flavus, Trichoderma sp., Mucor sp., Penicillium oxalicum, and Penicillium chrysogenum ( Table 2 ). The frequency of isolation of F. verticillioides from kernels produced on inoculated plants was significantly greater on the BOA medium than on the PCNB medium (Table 2) . Suppression of competing fungi also was slightly better with the BOA medium. In addition, the frequency of isolation of F. verticillioides from naturally infected kernels was significantly greater on the BOA medium (92%) than on the PCNB medium (65%) (P Ͻ 0.002). When PDA was amended with BOA, an insignificant increase in the frequency of isolation of F. verticillioides occurred, but a dramatic decrease in the number of competing fungi was observed ( Table 2) .
Comparison of the 37% frequency of isolation of F. verticillioides on MMϩHyg with the 86% isolation frequency on BOA medium (Table 2) suggests that much of the F. verticillioides isolated on BOA medium may not have been the inoculated hygromycin-resistant transformant, RRC PATgus. However, the relatively low frequency of F. verticillioides on MMϩHyg also may have resulted from suppression and overgrowth by a large number of contaminating fungi. GUS reporter gene expression was assessed only for the F. verticillioides isolates recovered on MMϩHyg, and all were positive. The apparent isolation of only the transformed strain RRC PATgus on MMϩHyg, which contains 150 g of hygromycin B per ml, is consistent with the native level of hygromycin sensitivity among field isolates of F. verticillioides (56) .
In addition to kernels, we also assessed vegetative tissues for a Average recovery of fungi from two experiments, with each experiment having a total of 100 kernels for each medium. Frequencies with in a row do not add to 100% since some kernels were not infected. In each column, numbers followed by the same letter are not significantly different (P Ͻ 0.002).
b Includes A. flavus, P. oxalicum, P. chrysogenum, and species of Fusarium and Trichoderma.
F. verticillioides infections using the BOA and PCNB media. All vegetative tissues yielded F. verticillioides, and the isolation frequency was higher on BOA medium (83%) than on the PCNB medium (54%). Other Fusarium species that were occasionally isolated from kernels and plant tissues included F. proliferatum, F. subglutinans, F. culmorum, and F. graminearum.
The addition of BOA to the various media reduced the growth rate of tolerant fungi but did not drastically alter fungal morphology, thus allowing for early identification of Fusarium species, especially on the BOA and PDA-BOA media. The PCNB medium altered both sporulation and morphology of Fusarium isolates, which prevented early identification of suspect fungi since they had to be transferred to PDA or other media. Since the PCNB and BOA medium formulations differ only in the respective chemical agents, the morphological aberrations appear to be due to the compound PCNB. Adding BOA to the KCl medium, a sporulation-inducing medium used for identification of some Fusarium species, did not prevent the production of long chains of conidia characteristic of F. verticillioides. However, isolation frequencies based on the KCl-BOA medium were less consistent, because the fungi did not grow as distinct colonies on the plates but rather grew as aerial hyphae over the entire plate, especially the lid, preventing valid counts.
Many of the fungi sensitive to BOA grew only on the plant tissue and not on the agar surface. For example, P. oxalicum grew on the upper surfaces of kernel tips but did not grow on the surfaces of BOA-amended media. In all media amended with BOA, the growth of yeasts, bacteria, and filamentous fungal species such as Rhizopus and Trichoderma was either suppressed or prevented. If fungi sensitive to BOA were present together with F. verticillioides on a BOA-amended medium, they would begin to grow and colonize the medium once F. verticillioides initiated its metabolism of BOA. Thus, the presence of another species on the BOA medium in addition to F. verticillioides need not mean that the other species also was tolerant to BOA. Plant samples placed on the BOA medium must be monitored closely for fast-growing contaminant fungi that may initiate growth after F. verticillioides begins to detoxify BOA. However, we generally observed such problems only if plates were incubated for longer than 14 to 21 days. In most cases, F. verticillioides infections could be assessed at 7 days postinoculation, but the longer incubations were conducted to ensure accurate quantification of frequencies.
DISCUSSION
We found that the ability to detoxify the benzoxazolinones MBOA and BOA varies among species within and outside the G. fujikuroi species complex. We selected for this study Fusarium species that either were phylogenetically related to F. verticillioides (41) or were associated with maize, wheat, or rye, which are producers of the benzoxazinoids (39) . Of 29 Fusarium species examined, 11 species had some level of tolerance to BOA (Table 1) , with the most tolerant being F. verticillioides, F. subglutinans, F. cerealis, and F. graminearum. The majority of the tolerant strains were associated with maize. Except for one strain (NRRL 25185), tolerance could be attributed to the ability to detoxify BOA, while sensitivity was apparently due to the lack of detoxification.
Fungal detoxification of plant antimicrobial compounds is known to enhance virulence and in some associations is essential for pathogenicity (8, 11, 43, 50, 52) . Determining if a correlation exists between benzoxazinoid detoxification and fungal virulence depends on measurement of in planta aspects of infection, colonization, and compatibility. If detoxification of benzoxazinoids enhances fungal infection and virulence, the effect is probably of greatest value at the seedling stage of plant development, because this is when the compounds are in the greatest concentration (1, 19, 26, 39) . While these antimicrobials are continuously synthesized throughout plant development, the concentration per unit of biomass is diluted as the plant matures (26) . Thus, the potential impact of detoxification on virulence may be greatest in terms of seedling blight and root rot. Also, the impact of antimicrobial detoxification on endophytic colonization must be addressed, because infections are often established at the seedling stage. The discovery of the sensitive strain of F. verticillioides, NRRL 25059, should enable us to address the genetics and physiology of benzoxazinoid detoxification and its effects on virulence towards corn seedlings and endophytic colonization.
We have already addressed one aspect of the genetic basis for benzoxazinoid detoxification. We screened strains of F. verticillioides that have lost chromosome 12, the smallest and apparently dispensable chromosome (55) , for their tolerance to and metabolism of BOA. Strains FGSC 7983, FGSC 8067, and FGSC 8070 were identified by Xu and Leslie (55) among meiotic progeny used to generate a genetic map of F. verticillioides, and all could detoxify BOA. This scenario is unlike that in Nectria haematococca, where detoxification genes for the phytoalexins pisatin and maackiain are located on a dispensable chromosome and strains that have lost the chromosome are less virulent in part due to their inability to detoxify the phytoalexins (17, 34, 52) .
Both the broad distribution of benzoxazinoid tolerance among fungal species and the high frequency of tolerant strains within certain species such as F. verticillioides suggest that the detoxification of these compounds may be selectively advantageous. The inability of F. verticillioides strain NRRL 25059, which was isolated from banana, to detoxify BOA could be due to a lack of selection pressure, since banana is not known to produce benzoxazinoids. In relation to taxonomic distribution, the same metabolic transformation of MBOA and BOA to HMPMA and HPMA, respectively, is performed by Gaeumannomyces graminis var. graminis and G. graminis var. tritici (20) . These two G. graminis varieties are both pathogens of wheat, a producer of benzoxazinoids.
Strains of F. brevicatenulatum isolated from the dicot S. asiatica (i.e., witchweed) also were tolerant to BOA (Table 1) . This parasitic, non-benzoxazinoid-producing plant forms haustoria and penetrates roots of corn, sorghum, and other monocots. Here again there is intimate contact between a benzoxazinoid-producing host (corn) and an endophytic fungus, resulting in the potential need for detoxification of the antimicrobials.
Also tolerant to BOA was F. circinatum (teleomorph, Gibberella circinata; synonym, G. fujikuroi mating population H), a pathogen of pine trees (Table 1) . This was initially somewhat surprising, because pine is not known to produce benzoxazinoids. However, a mating study of Fusarium isolates from teosinte in Mexico found that there was limited interfertility between one of the isolates and F. circinatum, indicating a possible close relationship (16) . Teosinte is the nearest wild relative of maize and a known producer of benzoxazinoids (10, 47) . Recent molecular phylogenetic data support a close relationship between F. circinatum, the Fusarium isolate from teosinte, and the maize pathogen F. subglutinans (E. Steenkamp, personal communication). Therefore, the physiological capacity to detoxify BOA may predate speciation of these taxa. Nothing is known regarding the pathogenicity of F. circinatum toward maize or teosinte, but since the fungus has retained some tolerance to BOA, perhaps it has an unobserved association with these plants. We have not assessed the Fusarium isolate from teosinte for tolerance to BOA.
F. globosum is morphologically and phylogenetically related to other species within the G. fujikuroi complex (41, 45) . This affiliation is supported by its production of fumonisin mycotoxins (48) . Interestingly, all tested strains of F. globosum were very sensitive to BOA even though they were isolated from maize and wheat, which are producers of MBOA and BOA. The nature of the in planta associations between F. globosum and maize, including infection, colonization, and virulence, needs to be investigated.
The TLC assay for assessment of BOA and MBOA metabolism (Fig. 2) has proven valuable for its ease and rapidity. In all cases but one (F. beomiforme NRRL 25185), tolerance to the antimicrobials was shown to be associated with detoxification (Table 1) . TLC also confirmed that sensitivity was associated with the inability to detoxify benzoxazolinones (Fig. 2) . Extracellular, as opposed to intracellular, localization of the detoxification products, HMPMA and HPMA, was supported by the TLC assay because of the application procedure for agar plugs. Because the bottom, agar side of plugs was laid onto the TLC sheets, only extracellular aqueous metabolites were absorbed into the silica gel. Thus, the actual detoxification process itself may be extracellular, with the functioning enzyme(s) secreted into the medium. The observation that HPMA accumulates at a distance from the fungal colony (Fig. 2) further suggests that the detoxification process may be extracellular. However, this observation is just as easily explained by simple diffusion of HPMA through the agar along a concentration gradient. Therefore, the detoxification process could be localized to the cell surface, or it could even be intracellular, with uptake and excretion mechanisms necessary for BOA and HPMA transport, respectively. In vitro assays are not supportive of extracellular enzymatic activity but have demonstrated diffusion of the metabolites through the agar (data not shown).
As reported here, tolerance to BOA and MBOA is restricted to only a few Fusarium species. This observation, along with the tolerant nature of F. verticillioides, indicated the possible utility of these compounds as selective agents in an isolation medium. Both compounds were very stable in agar media, retaining their integrity and activity for more than a year when stored in the dark at room temperature (data not shown). While BOA is not as toxic to fungi as MBOA (Fig. 1) , the lower cost of BOA made it financially less restrictive as an additive. The BOA medium, a modification of the PCNB medium of Nash and Snyder (36) , was superior to other media in terms of enhancing the frequency of isolation of F. verticillioides while suppressing the growth of sensitive fungi. The PCNB medium is the traditional standard for isolation of Fusarium species from soil and plant collections (7) and would still be preferred when assessing isolation frequencies of Fusarium species that are sensitive to BOA. However, for those who work with BOA-tolerant species, the BOA medium is an enhancement over the PCNB medium because of the limited taxonomic distribution of BOA tolerance and the production of normal colony morphologies, which should alleviate the necessity for subculturing in order to identify the isolates. As with the PCNB medium, the BOA medium generally results in fungal isolation within 5 to 7 days, even though we extended the duration of the assays to ensure accurate quantification of infection. To enhance isolation of less tolerant species (e.g., F. graminearum) while still suppressing sensitive fungi, the BOA medium formulation can be amended by adding less BOA (e.g., 0.75 mg/ml).
Prior observations (2, 4, 18, 23, 35) of systemic infections and vertical transmission of F. verticillioides via clonal infection of seed are supported by this study. The genetically marked strain RRC PATgus was transmitted from seed to seed. However, the relatively low recovery of RRC PATgus on the MMϩHyg medium suggests that a large proportion of the F. verticillioides isolates recovered on the other media may have infected the kernels through other pathways, such as the silks (35) .
